Abstract-Retinal microsurgery is one of the most technically difficult surgeries since it is performed at the threshold of human capability. If certain retinal conditions are left untreated, they can lead to severe damage, including irreversible blindness. Thus, techniques for reliable retinal microsurgery operations are critical. Recent research shows promise for improving surgical safety by implementing various types of sensory input and output. Sensory information is used to inform the surgeon about the environment inside the eye in real time. This review examines literature that discusses human factors and ergonomics (HFE) of sensory inputs and outputs of retinal microsurgery instrumentation with a focus on force and haptic feedback. Thirty-four studies were reviewed on the following topics: (1) variation between different input sensory devices and their performance, (2) variation between alternative output sensory devices and their performance, and (3) variation between alternative output sensory devices and their user satisfaction. This review finds that the implementation of HFE is important for the consideration of retinal microsurgery devices, but it is largely missing from current research. The addition of direct comparisons between devices, measures of user acceptance, usability evaluations, and greater realism in testing would help advance the use of haptic sensory feedback for retinal microsurgery instruments.
INTRODUCTION
T HE unique geometry and very small anatomical features of the eye require small hand movements during eye surgery that occur typically with a lack of tactile sensation. Current surgical instruments range from simple handheld devices to complex cooperative robots that work in the confined area of the eye [1] . In general, surgeons receive visual feedback by looking though microscopes while performing surgeries with instruments that require great dexterity and small precise movements [2] . Two major challenges in retinal surgery result from unintentional movements from either the surgeons' hand tremor, or the patients' pulse or respirations. These can create excessive forces in the eye that can cause tissue injury, irreversible retinal damage, and/or vision loss [3] . The retina is incapable of regeneration, and thus it is critical to avoid damage as much as possible [4] . Unfortunately, if damaging conditions are left untreated, retinal warping or tearing can develop, which can lead to irreversible blindness [1] . By addressing the limitations of retinal surgery instruments, retinal surgery can become faster, safer, and more effective.
Today most retinal surgeons only use visual feedback. The operating stereo-microscopes currently used allow surgeons to see the surgical area in enough detail to perform surgery [5] . Due to the unique anatomy of the eye and the limited space to perform surgery, surgeons typically make three incisions into the eye during surgery [4] . The first incision is for placement of an infusion line. Two main surgical tools include the infusion line and the illuminator. The infusion line introduces a solution that maintains the eye pressure, preventing the eyeball from collapsing. The illuminator is then inserted in the second incision. It is used to illuminate the target allowing the surgeon to see the surgical area. The third incision is the opening for the surgical instrument. Surgeons typically use both hands during surgery, one holding the light and the other controlling the surgical instrument [6] , which requires significant mental workload. Since the surgeon's attention is often divided between the light and instrument, the likelihood of mistakes is increased. During some surgeries, surgeons will be working with the layer superficial to the retina which is only 2.5 mm thick or blood vessels that are typically 60-80 mm in diameter [1] . Therefore, the surgeon's hands need to be especially steady to perform small maneuvers. Even though it is difficult to quantify unintentional hand tremors, Singhy and Riviere measured a surgical instrument's tip motion and found that the tremor's amplitude was around 22 mm in the x, y, and z directions [7] . In addition to the unintentional movements made by the surgeon, a patient's body could move during surgery due to their heartbeat or breathing. Since most retinal surgery patents are awake, they have free respiration instead of artificial ventilation. Free respiration is less regulated and can cause unintentional motions leading surgeons to slip or make a mistake [3] . Surgeons are also limited by the fact that most forces between the tool tip and the eye tissue are below human perception. It was measured that 75 percent of tool-to-tissue interaction forces were less than 7.5 mN in magnitude and only 19 percent of force events at 7.5 mN could be felt by surgeons [8] . To address this issue, a sensor is attached to the end of the tool to sense the forces in the eye. If haptic feedback could be provided during tool-tissue interactions, surgeons could better sense and control these forces, preventing unintentional damage to the eye as well as keeping the surgeon better informed about the environment in the eye [1] . Relying only on visual feedback has been shown to both increase the length of manual manipulation tasks and also reduce task accuracy. Therefore, additional feedback methods might reduce surgical time and increase precision [9] , [10] , [11] .
Retinal surgical performance is limited by both human capabilities and technology, including factors such as patient movement, poor visualization of surgical targets, hand tremor, fatigue, positional accuracy, and lack of tactile sensation and visualization [5] , [12] . These challenges during retinal microsurgery have led to the development of devices that are intended to address the aforementioned shortcomings of surgery. Currently, many devices are under development to improve the efficiency and safety of retinal microsurgeries through improved feedback to the surgeon. Since this is relatively new technology, research is focused on making sure that the devices work as intended. Therefore, many devices only have input sensory information, with most developers planning to add output feedback in the future [13] , [14] , [15] .
Conventional retinal microsurgery instruments use visual feedback to inform the surgeon about the environment in the eye. The enhanced retinal microsurgery instruments use various types of sensory feedback to communicate the forces in the eye to the surgeon [16] . These devices fall into two main categories: sensory input and sensory output devices. Sensory input devices focus on system performance by collecting data about the forces inside the eye. For example, the Force Sensing Micro-Forceps, developed and tested by Sun et al. [13] is designed to sense forces in the eye. The forceps relay information to a computer as numbers rather than as feedback directed to the surgeon. Sensory output devices address human performance and not only collect data from inside the eye but also relay force information to the surgeon. For example, a device developed by Kuru et al. [17] translated the input forces from the eye into auditory signals for the surgeon to hear and respond to accordingly. Haptic feedback is another effective type of feedback that can be utilized by surgeons. For example, a prototype of a master/slave tele-robotic surgical system was developed with the goal of increasing the safety of surgeries. The tele-robotic instrument combines EyeRobot2 and da Vinci Master manipulators, visualization, cooperative control, and real time sensing information with haptic feedback. Haptic feedback is produced when the slave manipulator encounters forces in the eye, and then the master lags behind the position and the surgeon feels the resistance. While performing surgery, surgeons also need to see the eye, and thus the instrument displays the optimal alignment of visual and motor axes, as well as providing accurate 3-D imaging and depth perception. Finally, it has been suggested that the da Vinci robot might be replaced by the phantom Omni, ultimately reducing the cost of the surgical instrument without hurting performance.
Introducing robots into the retinal microsurgery environment typically adds to operating time, but these disadvantages are often outweighed by the benefits. Robotics can overcome the problem of unintentional motions being produced from the patients or surgeons' hand tremors. For example, the EyeRobot2 operator can anticipate motion and adjust [5] . Studies show that output feedback improves surgical performance over unaided surgeries [2] , [18] . Though various devices have different methods, each instrument's goal is to improve the surgical outcome by providing the surgeon with improved information during surgery about forces in the eye.
REVIEW OBJECTIVES
This review is concerned with the role of human factors and ergonomics (HFE) in the implementation of retinal microsurgery instrument feedback. The focus of ergonomics is to address the cognitive and physical characteristics of the human-machine system in order to optimize human wellbeing, satisfaction and performance [9] . In relation to retinal microsurgery instrument feedback, HFE issues of interest are mental workload, ease of use, situational awareness and effective response, and consistency of outcome. Retinal microsurgery instrument feedback has received little to no attention with regard to HFE.
HFE should be considered throughout the design and production process. Before a device is produced, the designer should consider the capabilities and limitations of the surgeons who will be operating the surgical instrument [11] . Each HFE issue of interest has the same goal of improving performance and surgeon satisfaction. Each issue has a different perspective and therefore method of approaching the problem. Ensuring the optimal amount of mental workload improves performance and satisfaction. Mental overload can slow task performance and increase errors, which not only decreases performance but also satisfaction [19] . Conversely, underload can produce boredom or reduced alertness, increasing the probability of errors and decreasing satisfaction. Mental workload varies from person to person, and there is currently no consensus method for measuring mental workload. Improving the ease of use by implementing intuitive characteristics in the design of a device reduces the surgeon's frustrations, which can result in a reduction of errors, while simultaneously increasing the learning curve. Situational awareness is a human's ability to perceive relevant information from the environment, comprehend and analyze that information, and then use that information to make a decision. Highlighting relevant information will improve user satisfaction by reducing the amount of information the surgeon has to analyze, therefore reducing stress on the surgeon [20] . Improving the consistency of the outcome by increasing the improvement in performance and satisfaction will increase the surgeon's confidence in the outcome. Consideration of the previously mentioned factors in the final design of devices will greatly benefit the end user as well as the patient [21] . The research questions to be addressed in this study are as follows:
RQ1: For retinal microsurgery, do force input sensory devices yield improved performance over visual input sensory devices?
Studies that seek to increase reliability and efficiency of retinal microsurgery instruments were considered. Most of these studies addressed various metrics to assess the performance of surgical instruments. One of this review's objectives is to justify proposed designs and identify those sensory inputs that are the most promising for future research.
RQ2a: For retinal microsurgery, do haptic output sensory devices yield improved performance over advanced visual and auditory output sensory devices?
As retinal microsurgery systems increase in utility through improvements in technique and instrumentation, it is necessary to examine how they affect the actual surgeries. Studies were reviewed that addressed metrics to assess human performance with different surgical instruments.
RQ2b: For retinal microsurgery, do haptic output sensory devices yield improved satisfaction over advanced visual and auditory output sensory devices?
Since retinal microsurgery systems have become more common through improvements in technique and instrumentation, it is necessary to examine how they affect actual surgeries. When moving the instruments from laboratory situations to real-world use, the final design of these systems should consider HFE [11] . Some studies addressed metrics to assess human satisfaction with different surgical instruments.
REVIEW METHOD
Published literature on retinal microsurgery instrumentation was systematically searched to address the following questions:
RQ1: For retinal microsurgery, do force input sensory devices yield improved performance over visual input sensory devices? RQ2a: For retinal microsurgery, do haptic output sensory devices yield improved performance over advanced visual and auditory output sensory devices? RQ2b: For retinal microsurgery, do haptic output sensory devices yield improved satisfaction over advanced visual and auditory output sensory devices?
Eligibility Criteria
Eligibility criteria included articles in English published in the past 20 years that described existing devices or guidelines for development of technologies intended to aid retinal microsurgeries.
Information Sources
Medline & PubMed online databases provided a medical perspective, while Compendex and IEEExplore provided the engineering perspective. Web of Science provided an overall view. All searches were conducted in May or June, 2015. Additionally, conference papers from Investigative Ophthalmology and Visual Science were included.
Search
Databases were searched with four key terms: "retinal microsurgery force," "retinal microsurgery tactile," "retinal microsurgery haptic" and "retinal microsurgery feedback". 
Study Selection
Articles that met the inclusion criteria (42 in total) were categorized according to the surgical instrument's procedural feedback mechanisms. The majority of published research focuses on technical aspects of improving input sensing abilities in the eye. Both input and output devices were included even if the device had not reached the application stage. Retinal microsurgical instruments typically had sensory input and/or output feedback mechanisms. Articles were categorized by primary feedback as either input or output, and then subcategorized by the type of primary sensor. Input sensory devices were identified as visual or force. Output sensory devices were identified as visual, force-to-auditory sensory substitutions, or haptic. Some instruments employed more than one type of primary feedback mechanism. Retinal microsurgeons use visual feedback from a microscope to assess the forces applied to tissue by visually monitoring surface deformation and light reflections [22] . Though critical to the success of the operation, the microscope was not considered for the purposes of categorization. Since tracking the instrument was a prevalent problem, devices categorized under advanced visual feedback focused on the problem of tracking the instrument in the eye [6] . Other instruments employ force-to-auditory sensory substitution [14] or direct force to determine the forces in the eye [5] . This review focused on retinal microsurgical instruments that provided feedback for forces in the eye as well as prevalent trends in Human Factors design. Qualitative evaluation of human factor designs was intended to provide insight for future developments. Tables 1 and 2 list the 42 articles reviewed. "N/A" means that the information is not applicable, while "Unknown" means that the information was not stated.
REVIEW RESULTS

Study Summaries
Results of Individual Studies
Studies Selected for RQ1
Research Question 1 investigated if the performance of force input sensory device is superior to that of visual input sensory devices. Although retinal microsurgery instruments have been developed for over 15 years, gathering precise reliable input data is still evolving. The conventional approach is to use visual input, which has limitations. Visual input requires high attention to detail, quick decisions, specific training, and relies on the surgeon's interpretations and judgment [23] .
Fifteen studies incorporated sensory input for the user. Sensory input devices have the goal of improving surgical safety and outcomes. Four primary device designs were observed: 1) visual sensory input devices [24] , [25] , [26] ; 2) force measuring sensors [13] , [15] , [27] , [28] , [29] ; 3) hand tremor reducing devices [30] , [31] , [32] ; and 4) robotic assistive devices [33] , [34] , [35] , [36] .
Ikuta et al. improved visual sensory input by adding a thin optical fiberscope built into the device, providing surgeons with a lateral view of the surgical area [24] . Before the Ikuta et al. device, surgeons only had a top view of the surgical area within the eye. Surgeons often lost depth perception, which increased the risk of retinal damage by penetration. Jensen and Juan [25] implemented GRIN lens endoscopy's superior resolving power to improve the viewing quality of the surgical area, reducing the likelihood of damage. Clarke and Etienne Cummings [26] developed an Ultrasonic Micro-Array to help locate areas of macular degeneration.
Visual input relies on the mental skill of surgeons, and thus developing a force input device could reduce mental workload. Four articles whose primary device was a force measuring sensor used Fiber Bragg Grating (FBG) strain sensors. These sensors are small, precise, mechanically stable, and relatively inexpensive. Sun et al. [13] created a micro-force sensing instrument using FBG strain sensors. The sensors were placed in the tool shaft to sense forces distal to the sclera and can measure with 0.25 mN resolution. Iordachita et al. [15] also used FBG strain sensors to measure distal forces interior to the sclera. He et al. [27] adjusted for temperature effects by placing three FBG sensors into the forceps' tips. The redundant sensor configuration compensated for temperature drift. The next challenge in force sensing technology was sensing forces in multiple directions. The Liu et al. [28] device measured forces in multiple directions using a common-path Fourier domain optical coherence tomography (OCT). This interrogated cavity length through phase-sensitive detection [18] , [28] . Gonenc et al. [29] developed three degrees of freedom (DOF) force sensing forceps by integrating four FBG strain sensors. Hand tremors can make it difficult for a surgeon to accomplish high-precision procedures [7] , such as retinal microsurgery, but force-sensing devices can reduce the effects of hand tremors. Handheld devices are more affected by hand tremors than robot assisted instruments. Therefore, hand held instruments benefit from force input for stability [31] . A device developed by MacLachlan et al. [30] prevented hand motion from influencing output until after passing through a tremor filter that reduced unintentional motion, while preserving intuitive eye-hand coordination.
Another instrument has both a position control loop and a force control loop. The position loop is constantly smoothing motion and increasing positioning accuracy. When the force loop is activated, position correction is activated, effectively removing hand tremors [37] . Surgical robots can reduce hand tremors and the force required to control the instrument. There are three types of robots used in retinal microsurgery: handheld, cooperative, and master-slave. There are also emerging medical robotic devices in development, such as the Snake Robot for endoscopy developed by Kwok et al. [38] . Hand held devices utilize two types of input force sensors. Sensor one is at the tool tip and sensor two is at the tool shaft. The force sensing element is on the shaft instead of the handle since the shaft is inside the eye. Surgeons cannot "feel" intra-ocular forces that can lead to damage in the eye [14] . In the cooperative robot paradigm, the user and the robot share control of the surgical tool. The user views the operating area through a microscope. The robot measures the forces exerted by the operator though dynamic force scaling or proportional velocity control, depending on the type of input force. The information is processed and transmitted to the surgical instrument, providing intuitive tremor-free, positional control [33] , [34] . In the master-slave paradigm, the master is the controller or surgeon and the slave is the manipulator or instrument. The master and slave communicate through real-time computer systems. The input to the master system is scaled down to increase accuracy in the slave manipulator [35] . Nasseri et al. [36] attached a master-slave robot to the patient's head, so if the patient moved, the robot followed the movement. This method is similar to surgeons bracing themselves on the patient's head so that they move with the patient, reducing the likelihood of causing damage to the eye [6] .
Studies Selected for RQ2a
Twenty-seven studies referenced sensory output (feedback) for the user. These devices strive to improve the ease and reliability of surgical outcomes by considering the three types of sensory output or feedback: 1) advance visual feedback [39] , [40] , [41] , [42] ; 2) force-to-auditory feedback tearing [2] , [14] , [16] , [17] , [22] , [43] , [44] , [45] ; and 3) haptic feedback [5] , [14] , [18] , [37] , [46] , [47] , [48] , [49] , [50] , [51] , [52] , [53] , [54] , [55] , [56] , [57] . These articles were categorized based on the primary feedback type, except for [14] , which fell into both force-to-auditory sensory substitution feedback, and direct haptic feedback.
Dewan et al. [39] developed a human-machine cooperative motion system that uses virtual fixtures to track the surfaces in the eye. The tool was held by the JHU Steady-Hand Robot to guide the surgical instrument and avoid accidental collisions. Richa et al. [41] also created a system for detecting unintentional collisions in the retina using an ophthalmic stereomicroscope. Stereo images detect proximity between the surgical device and the retinal surface. The Becker et al. [40] device is a handheld vision-based retinal microsurgical robot that included Micron [30] , velocity scaling, and vision-based virtual fixtures. The virtual fixtures are two circles showing the goal position and the hand position. The circles change colors from green to red to indicate how far the manipulator had drifted from the goal. Since the p-value was less than 0.005, Becker et al. [40] showed that these virtual fixtures significantly reduced maximum force. To enhance tool tip visualization, Yu et al. [42] developed an intraocular optical coherence tomography (OCT) technique. The intra-ocular OCT technique provided information about a tool's tip position.
Eight studies utilized force-to-auditory sensory substitution feedback. This feedback mechanism avoided visual sensory overload of the operator by converting stimuli from visual feedback to auditory feedback, since visual feedback could distract the surgeon's attention. The downside of the handheld haptic feedback device was the risk of introducing unwanted movements. Therefore, auditory feedback was a suitable strategy. Kitagawa et al. showed that continuous real-time auditory feedback representing forces could significantly improve surgical performance [58] . Audio feedback could also be useful during training by providing immediate force information that could be correlated with other cues [5] , [14] .
In order to provide surgeons with feedback about the amount of forces felt at the tips of instruments, there are different beep tempos for the four safety zones. If the force is below 1 mN there is no beeping. If the force is between 1 and 3.5 mN there is a constant slow beeping to indicate the "safe zone". If the force is between 3.5 and 7 mN the tempo proportionally increases to signify "cautious zone." Finally, if the force is greater than 7 mN, there is a constant high beeping to indicate risk for retinal breaks and tearing [14] , [16] , [17] . It was shown that audio feedback decreased the maximum forces and force variability. A potential downside of continuous audio feedback was that it could be distracting in an already noisy operating room. Cutler et al. conducted a study to test two auditory feedback systems. An alarm feedback that only sounded when the force exceeded 9 mN and a warning feedback with beeps that were proportional to the force level similar to the three levels described above. He found that the test subjects with warning feedback had significantly lower forces and maximum than the test subjects who used the alarm feedback. 75 percent of test subjects preferred the warning method because it allowed for precise peeling at a consistent pace and greater opportunity to react [2] . Since the four safety zones and varying beeping tempos have been shown to be effective auditory feedback, the safety zone program was combined with another feature, a tremor canceling algorithm, to improve the outcome of surgery [22] . Gonenc et al. conducted a comparative study to compare Micron versus the Steady-Hand Robot and found that the systems provided improvement with similar impact on forces and tremor cancellation trends [43] .
Sixteen articles reporting instruments with direct haptic feedback were included. The surgeons would be able to feel the forces reducing their mental workload and would not solely rely on visual feedback to complete the surgeries. Unfortunately, however, direct haptic feedback is the hardest feedback to produce. First, the instruments must measure the sub-millinewton forces in the eye, then amplify the force through an electronic system and produce haptic feedback [59] . The real challenge is to make sure the haptic feedback feels natural for the user without introducing unnecessary movements that could potentially harm the patient.
The desire to create surgical devices with force feedback was considered with a prototype designed by engineers at Jet Propulsion Laboratory and Steve Charles, a vitreo-retinal surgeon [37] . The research team created a master-slave robotic device. The slave robot held the surgical instrument that sensed forces in the eye. The forces that the slave device measured were then amplified to the master device to enhance the sense of touch for the surgeon. The system has three options of interaction. Option one is mostly robotic control. Option two was collaboration between the surgeon and the robot. Option three allowed the surgeon to have complete manual control throughout the surgery. This last option might have been included since many surgeons agree with Dr. Denny's desire to have a feature on the surgical devices that would provide the ability to turn the robot off completely and take over manually if needed [6] . Another way to program the direct haptic feedback is to create a limiting motion program. For example, a micro-force sensing instrument was integrated with a cooperatively controlled robot and hybrid cooperative and tele-robotic surgical system. The system utilizes linear force scaling and velocity limiting force feedback [14] . The imperceptible forces in the eye are amplified by modulating velocity which the surgeon can feel. The velocity is inversely proportional to the tip force [14] . So if the device encounters a force in the eye, it lags behind the command position and then the user haptically feels resistance. This minimizes undesirable collisions within the eye by providing real-time feedback and limiting forces applied to the delicate tissues [5] . In addition to affecting the velocity and slowing down the device, a new Steady-Hand Eye Robot uses real-time force information to gently guide the operator towards lower forces. This method has two main limiters: a global force limiter which will stop a device from moving if it reaches a maximum force and a local force minimizer which guides the user to directions of lower resistance [46] . Instead of limiting the movements of the device, He et al. [27] presented a device that used haptic feedback for sclera forces. This feedback improved the consistency and regulated the forces applied in the eye. The device reduced the chances of excessive forces and damaging the eye [52] . Multiple surgical robotic models are more precise than freehand. Meenink et al. [50] device's penetration precision is 10 times greater than freehand. It accomplishes this by combining the hand tremors programs with scaling hand movements. This increased precision prevents unintentional penetration of the retina providing the device with a wider range of applications [51] . Gijbels et al. [55] added features to improve the precision of the robotic manipulator and when tested, both of the system's tele-manipulation and co-manipulation are more precise than freehand [56] . With the ability to be more precise, a new method, retinal vein cannulation, might become a feasible option for surgeons. The procedure is not currently performed due to precision requirements. Still, by developing a force sensing needle with high precision, this procedure could become a new form of treatment [57] . More recent developments involved the creation of a selfcontained, three degrees-of-freedom force capable surgical instrument using FBG sensors and integrating them with the Steady Hand Eye Robot, which provided haptic feedback for teleoperation in retinal microsurgery [53] , [54] .
Studies Selected for RQ2b
Research Question 2b addressed the issue of user satisfaction in retinal microsurgery instruments. Fifteen studies were identified to have HFE considerations [2] , [5] , [14] , [16] , [17] , [37] , [40] , [42] , [43] , [44] , [46] , [47] , [48] , [49] , [56] . Only Cutler et al. [2] and Gijbels et al. [56] directly collected data about user satisfaction and preference while the others included varying types of HFE factors.
Cutler et al. [2] used a questionnaire asking the subject's preference on types of warning systems. The two choices were for continuous warnings or warnings at crucial times. Subject's confidence was improved with the real time feedback. Gijbels et al. [56] used the five-level Likert scale to receive information about subjects options on the experiment and the different operation modes. This revealed that even though tele-manipulation was more precise, subjects found the co-manipulation system to be more intuitive and easier to use. User satisfaction focused on the human perception of the device and its perceived usefulness and capabilities even before engaging with the device [10] .
To address user satisfaction, researchers would address and attempt to reduce the issues for the surgeon. One method of collecting data about how the surgeon interacts with the devices is to observe live surgeries, as well as discuss with surgeons and operating room teams about their surgical procedure preferences, similar to Meenink et al. [47] For example, a common problem experienced by retinal surgeons is the inability to see the surgical area. Therefore, Das et al. [37] and Yu et al. [42] created their devices specifically with the goal to reduce visual interferences. Das et al. [37] approached this problem by creating a light-weight manipulator to minimize visual interference. While Yu et al. [37] placed the probe in the surgical tool, reducing instrument shadowing and improved depth perception accuracy. Another visual issue that surgeons have is keeping track of the surgical instrument in the eye. Becker et al. [40] addressed this issue by including two visual cues in the microscope. This design was intended to keep the surgeons informed regarding drift while drawing their attention to important parts of the image. Also, there is limited space in the operation room and surgical area, so a compact design like Gijbels et al. [49] would be beneficial to surgeons.
Another objective from the HFE perspective is to reduce the unwanted forces in the eye without increasing surgeon workload as well as decreased or maintained training requirements. One approach is to augment or automate positioning control [37] . Some devices actively guide the operator instrument away from high forces [46] while others provide microvibrations that provide significant ease in delaminating membranes [44] . A feature that Meenink et al. [48] added to reduce mental workload was increasing the robot's ability to hold a precise location for a longer time. This addition allows the surgeon to focus on other aspects of the surgery, like injecting or cutting, without being concerned about the device moving and causing damage to the eye. The literature review confirmed Dr. Denny's interview comments that surgeons dislike the loss of direct control that occurs when using a robot [6] . So a feature that allows the surgeon to switch control between manual, augmented, and automated would improve satisfaction [37] .
Another difficulty surgeon's face is training new surgeons. Often the only way to learn is through trial and error. An unexperienced/novice surgeon can cause damage. A user-centered design system that engages two users would be extremely useful. The experienced surgeon can provide hand-over-hand tutoring to a novice user [5] . Another method to train novice users is using continuous audio feedback because it can provide immediate tissue force information, which can be correlated with visual clues [14] , [17] .
While others have not yet performed any HFE analysis, Gonenc et al. [43] proposed that in the future they aim to analyze both surgeons and non-surgeons with comparison criteria: ergonomics, learning curves, feasibility, and workflow. This was a common trend with many articles. Now that the device works, HFE will be taken into consideration.
DISCUSSION AND CONCLUSION
Summary of Evidence
Evidence for RQ1
Research Question 1 was "For retinal microsurgery, do force input sensory devices yield improved performance over visual input sensory devices?" This question can be addressed through several HFE ideas, increased performance, reduced surgery time, increased reliability, and increased ease of use. A good surgical instrument design would help its end-users by minimizing effort and reducing error during surgeries. Out of the fifteen articles reviewed to address RQ1, seven studies [15] , [24] , [27] , [31] , [32] , [34] , [36] performed a simulated surgery with a surgeon. This paper is mainly interested in how the devices worked, the surgeon's perceptions of the device and how that affects HFE metrics. As mentioned in previous sections, researchers focused on creating more efficient devices through improved visual sensory input or force sensory input. There is potential for improving on the visual sensory input by increasing the viewing area and resolution of the image. Some studies focused on improving the visual sensory input, but there was no comparison in terms of quantitative HFE metrics.
Meanwhile, new approaches departed from the established visual sensory input to force sensory input. This gives surgeons the advantage of another sensory input to improve their feedback and response to environments in the eye. There is great potential in this direction of research, as it can better serve surgeons and reduce errors. Further comparison among different designs would be beneficial especially focusing on whether the devices serve their intended goal.
Evidence for RQ2a
Research Question 2a was "For retinal microsurgery, do haptic output sensory devices yield improved performance over advanced visual and auditory output sensory devices?" None of the articles reviewed directly compared the different types of sensory outputs. Therefore, this question is addressed by comparing the article results to one another.
Sunshine et al. [16] addressed user performance and compared the different types of feedback. Sunshine further stated that visual and tactile feedback methods do not add value to a device. Sunshine concluded that visual feedback could distract the surgeon, while tactile feedback could introduce unwanted instrument movement. Therefore, they chose to implement auditory feedback because it has been shown to improve complex task performance. On the other hand Balicki et al. [14] concluded that continuous audio feedback may be overwhelming in the already noisy surgical room, so he deduced that occasional sounds during critical moments were the most valuable method for feedback. Both studies' goals were to reduce the cognitive load, which is crucial to improving the HFE performance. In this way, the user has very clear feedback of when they are applying too much force and the surgeon does not have to interpret images to make his determination, thereby increasing performance and reducing fatigue and stress.
HFE are implicit and crucial components of the instruments. The reviewed studies demonstrate the robustness of the retinal microsurgery devices in adapting to a variety of technologies but not a variety of user needs. Most devices have just one setting which is not conducive to the variation in surgeon population. The cognitive aspects of user experience are important, as these aspects have an impact on performance [10] .
Evidence for RQ2b
Research Question 2b focuses on user satisfaction and how developers can utilize HFE concepts to develop quantitative measurements [10] . This question addressed and identified methods for improving user satisfaction from the HFE perspective to make recommendations for further advancement of retinal microsurgery instruments.
The broad technology allows for devices to be based on the needs of users and the factors that improve satisfaction. This review found that not only did most of the studies reviewed engage only one participant but some studies did not disclose any information about subjects. Hence, the recommendation is that user acceptance evaluations should involve more users to produce valid and reliable suggestions for further design improvements. Out of the fifteen articles analyzed for this question, only two [2] and [56] directly addressed the satisfaction of the user by asking subjects their preference for the types of auditory feedback and the type of robotic system. Other articles included features that could improve surgeons' satisfaction like a robotic system with a compact design so it can easily fit in limited surgical spaces [49] , or a robotic system that can hold positions for longer, allowing procedures and injections to last longer [48] .
This review found gaps in the research assessing retinal microsurgery. There is a greater focus on operational, reliability and maintainability. Device safety, accuracy, and performance were mentioned for most devices. While HFE objectives increase the ease of use and aesthetic appearance, they are rarely considered [10] . This could be due to the difficulties of identifying the subjective metrics. This leads to limiting the application and generalization of the technology which lowers user acceptance. To advance this technology, there needs to be support and interest from the medical industry [11] . User satisfaction is a factor that can be used to increase support and interest in device implementation at the same time, improving user satisfaction, requires user testing, which cannot be completed without support.
Recommendations and Future Direction
The following recommendations are being proposed for future research:
1. After proving that a device works and can measure forces in a surgical setting, quantitative investigations on various HFE parameters will aid in the implementation of the surgical instrument. That is to say, after establishing that a device works, it is important to investigate possible improvements to its HFE characteristics [11] . The goal of these devices is to improve surgery, but if surgeons do not accept the device, the devices will not meet their goals. 2. Directly comparing different feedback modalities requires a baseline or control feedback to improve the data collected and clarity for comparisons. The ability to make these comparisons will help gauge the implications of various types of feedbacks and new approaches to improve surgery [10] . 3. While working to advance retinal microsurgery technologies, surgeons, as the targeted user group, should be engaged throughout the process. One way to incorporate the participation of surgeons is to use them as sounding boards for ideas in development and as test subjects during simulation testing. This is vital to device development, since surgeons can address different needs and concerns that others might overlook. Surgeons differ and have varying preferences and opinions regarding best practices. To improve user satisfaction, users' needs must be researched instead of assumed [11] . 4 . To obtain user satisfaction data for a new technology, realism should be included in validation testing. The ability to replicate real-world contexts provides insight that verification testing does not. Therefore, validation tests should be conducted in a life-like surgical room, with multiple distracting factors and complex user-system interactions [11] . 5. Cooperative robotic systems reduce unnecessary movements. Surgeon's hand tremors or patient motion can introduce unintentional damage. Robots can overcome this problem. The master-slave set up or other specialized applications and programs can help to reduce unintentional motion [44] . 6. Actively guide or limit haptic devices to reduce mental workload [23] . For instance, implement a program that senses resistance and ultimately guides an instrument away from damaging the eye [18] . While haptic feedback is the hardest feedback to reproduce it is the most natural for the user [11] . HFE concerns are important for the performance and acceptance of retinal microsurgery instruments, even though researches often do not make this connection. Furthermore, with a variety of sensory inputs and a variety of user capacities and preferences, there is no universal metric or "best practice" to describe HFE. Therefore, general awareness of and attention to HFE in retinal microsurgery instrument research would help to produce the most effective product [11] . Future studies should measure user acceptance, and implement usability evaluations. Additionally, retinal microsurgeons should be included in the research as test participants and consultants in order to gain a better understanding of their HFE needs. Along these lines, greater realism in testing is necessary, using situations that replicate the real-world, which will impact the sensor's ability to report on the environment and provide critical information for decision making.
Review Limitations
Even though this review was completed to the best of our knowledge, the following factors limited this review. First, the literature search was conducted only in English. Next, research on retinal surgical instruments addressed mainly fundamental technical issues. Among the few studies addressing HFE, the focus has primarily been technical and performance-oriented. After devices prove that they work, the focus can be directed to refining HFE. Currently, HFE remains a secondary concern. These factors limit this review since HFE is often not the primary focus of current studies. Lastly, it is difficult to isolate sensory input or output types, as each device can fall into multiple categories.
Conclusions
Retinal microsurgery is technically difficult due to the small size and unique geometry of the eye. Reliable retinal microsurgery is critical since, if left untreated, retinal conditions can lead to severe damage or even total blindness. Improving the safety of surgery has become a focus of recent research. Various types of feedback have been investigated for retinal microsurgery instruments. Feedback informs the surgeon about the environment in the eye during surgery. This review explores the role of haptic feedback in retinal microsurgery systems and analyzes performance and satisfaction metrics from a human factors perspective. This review finds that force and visual input reduced errors and improved surgical outcomes by informing surgeons about the environment in the eye, enabling better informed decisions. Unfortunately, there is disagreement about the best type of sensory output. Extra visual cues can be distracting. Auditory signals may not be heard in a noisy operating room and tactile feedback may introduce unnecessary movements. The Master -Slave system takes out un-needed movements and utilizes haptic feedback, which is the most intuitive feedback. While tactile feedback does reduce mistakes, it is also the hardest feedback to produce. This review also found that user satisfaction focuses on perceived usefulness and the capabilities of the device, and only one study directly collected data about user satisfaction through a questionnaire [2] . HFE is important for the acceptance of retinal microsurgery devices, but it is largely missing from current research. The combination of haptic and visual feedback can reduce mental workload by introducing tactile cues that complement visual cues, and the next challenge will be to make haptic feedback feel natural to the user. Direct comparisons between devices, measures of user acceptance, usability evaluations, and greater realism in testing would help advance the quality and use of retinal microsurgery instruments.
